To measure the adrenocorticotropic hormone (ACTH) and cortisol (F) cord plasma levels in preterm and term infants in relation to their mode of delivery. STUDY DESIGN: We studied 180 newborns appropriate for gestational age (GA) with birth weights between 365 and 4380 g and GAs between 21 and 41 weeks divided into three groups: born by vaginal delivery (VD), elective cesarean section (ECS) and emergency cesarean section (EMCS). ACTH and F levels were valued with enzyme-linked immunosorbent assay testing. Median concentrations were compared between groups by Student's T-test for independent and paired data. Multiple regression analysis was used to investigate the effect of GA on F and ACTH concentrations. RESULT: A significant positive correlation between GA and plasma concentrations of ACTH (Po0.05) was found in the whole population, but not between GA and F (P ¼ NS). A significant positive correlation was found between GA and plasma concentrations of both ACTH (P ¼ 0.01) and F (P ¼ 0.03) in VD. In those born by ECS, we demonstrated a positive correlation not only between plasma concentrations of ACTH (P ¼ 0.0000) and F (P ¼ 0.00002), respectively, with GA, but also a correlation between ACTH and F (P ¼ 0.0004). No significant correlations were found in the EMCS group (P ¼ NS). CONCLUSION: Our results suggest simultaneous pituitary-adrenal maturation, which is complete only at term. The responsiveness of preterm babies to different stressful stimulations is similar to the terms' but quantitatively lower, and the secretion of ACTH and F may not suffice in severe pathological circumstances.
INTRODUCTION
Many studies on neonatal secretion of cortisol (F) and adrenocorticotropic hormone (ACTH) have been performed on umbilical cord blood at birth, when factors ranging from labor to moderateto-severe hypoxia and childbirth-related traumatic factors may affect secretion of these hormones. The only data that can be considered as an index of fetal secretion of F and ACTH, related to gestational age (GA), is obtained from blood drawn by cordocentesis before birth. Unfortunately, these studies are very few, have smaller sample sizes, and the results have not always been concordant. For example, Economides et al. 1 found no differences in F concentrations between 18 and 38 weeks of GA; Donaldson et al. 2 found a small but significant increase in F concentration between 32 and 41 weeks; Nahoul et al. 3 showed a plateau of F concentration between 21 and 30 weeks; Oh et al., 4 who analyzed 374 subjects, found that F concentrations remained stable up to 36 weeks and increased between 36 weeks and term.
Studies at birth have demonstrated that term newborns may respond differently to various stressful events. With regard to the response of term babies during labor and childbirth, many studies have shown that those born by cesarean section in the absence of labor (elective cesarean section (ECS)) had lower levels of F than those born by vaginal delivery (VD). [5] [6] [7] [8] [9] [10] [11] [12] As a cesarean section in the absence of labor and fetal distress is not accompanied by changes in adrenal secretion of F, we believe that plasma levels of this hormone at birth should reflect basal fetal secretion. Babies born by emergency cesarean section (EMCS) for fetal distress showed higher F levels than those born by ECS or VD, suggesting that term infants can already modulate adrenal response in relation to stress.
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Responses of preterm babies to the different types of delivery have only been examined in three studies. Ruth et al. 13 and Hercz et al.
14 found higher levels in small populations of infants born by VD than by cesarean section. Murphy 15 also found higher levels in preterm infants born by VD than by cesarean section. None of these studies considered very low birth weight (BW) infants, where there is major disagreement about their responsiveness and adaptation to neonatal stress.
Even fewer studies have evaluated plasma levels of ACTH in cord blood of full-term infants. A few authors have reported significantly higher plasma levels of ACTH in babies born at term by VD than in those born by ECS. 7, 8, 12 Ochedalski and Lachowicz 16 found no significant differences in plasma levels of ACTH in relation to mode of delivery, whereas Bacigalupo et al. 9 highlighted an increase proportional to the duration of labor.
To evaluate the reaction capacity of extremely premature babies to physiological and pathological birth stress (such as VD and fetal hypoxia, respectively), we assayed ACTH and F concentrations in cord blood of babies born by VD, ECS (without labor or hypoxia) and EMCS at different GAs.
METHODS
From an initial population of 489 newborns, excluding those with chorioamnionitis (histologic findings) or small for GA, those with malformations and congenital metabolism diseases, we studied 180 newborns who were appropriate for GA, of BW between 365 and 4380 g (mean 2199 ± 1069 s.d.) and GAs between 21 and 41 weeks (mean 33.4±5.3 s.d.). Apgar score was assessed at 1 min.
In the ECS group, we excluded all babies born with labor and birth stress, as indicated by heart rate variability, altered placental flow at routine US examinations.
In the VD group, we excluded those for whom labor lasted 412 to 13 h and those with even minor signs of cardiotocographic alterations. All newborns born by VD and ECS, excluding the extremely low BW, had 1-min Apgar scoresX8. In contrast, babies born by EMCS with fetal distress had abnormal cardiotocographic parameters and 1-min Apgar scoresp5.
Data collection
One milliliter blood was drawn at birth from the umbilical vein into EDTA. Blood was immediately centrifuged at 2000 r.p.m. for 10 min and samples were stored at À 80 1C until assay, which was performed in Endocrinology's Laboratory at Siena University, Siena, Italy. F was assayed by enhanced chemiluminescence enzyme-linked immunosorbent assay (Ortho-Clinical Diagnostics, Amersham, UK), with an analytical sensitivity ofo3 nmol l 
Statistical evaluation
Median concentrations were compared between groups by Student's T-test for independent and paired data. The logarithmic transformation has been used to obtain the normal distribution, fundamental postulation of the parametric tests. In case of impossibility to obtain the normal distribution, a non-parametric test, the Mann-Whitney U-test, has been used. Multiple regression analysis was used to investigate the effect of GA on F and ACTH concentrations. Significance was set at P ¼ 0.05. The software use for statistical analysis was StatSoft version 7 (StatSoft, Tulsa, OK, USA).
RESULTS

Our population was divided into three groups:
50 born by VD: 34 at term (GA 39.1 ± 0.9; BW 3409 ± 346 g); 16 preterm (GA 26.3 ± 2.2; BW 937 ± 319 g) 101 born by ECS without labor: 32 at term (GA 38.3 ± 0.6; BW 3177 ± 344 g); 69 preterm(GA 32.1 ± 4.1; BW 1877 ± 833 g) 29 born by EMCS for fetal hypoxia; as the number of term newborns was insufficient, we only considered the 29 preterm babies with GAs of 22 to 32 weeks (mean 28.3 ± 2.5) and weight 530 to 1945 g (mean 1163 ± 292). Table 1 summarizes the statistical analysis and the comparison of the whole population.
Considering the whole population, there was a significant positive correlation between GA and plasma concentrations of ACTH (Po0.05), but not between GA and F (P ¼ NS). Considering the VD group only, there were significant positive correlations between GA and plasma concentrations of both ACTH (P ¼ 0.01) and F (P ¼ 0.03). No significant correlations were found in the EMCS group (P ¼ NS).
In the ECS group, there were significant positive correlations between plasma concentrations of F and GA (P ¼ 0.00002), and ACTH and GA (P ¼ 0.0000); there was also a significant positive correlation between plasma concentrations of ACTH and F (P ¼ 0.0004; Figure 1 ).
DISCUSSION
Embryo studies show that the adrenal cortex and the hypothalamus-pituitary axis develop continuously during fetal life. During this period, ACTH has a crucial role in the regulation and secretion of F, and in the development of the inner zone in the second half of gestation. Stimulation of the adrenal cortex by pituitary ACTH is required for its morphological development and steroidogenic function. 17 At 14 weeks of gestation, Goto et al. 18 found that adrenocortical cells responded to ACTH, demonstrating that even at this very early stage these cells are regulated by ACTH secretion. Studies by Hingre et al., Korte et al. and Ng et al. [19] [20] [21] showed a reduced function of the enzyme 11b-hydroxylase at low GAs, as suggested by Lee et al. 22 who found high basal levels of 17-deoxycortisol and 11-OH-progesterone in preterm infants. An increase in F production is highlighted by the appearance of the enzyme 3-beta-hydroxysteroid dehydrogenase type II around 22 to 24 weeks of GA, enabling ex novo synthesis of F from cholesterol. 23 Typical pathologies of preterm infants, such as hypotension and hypoglycemia, also suggest inadequate F production. Kajantie Cortisol and ACTH plasma levels related to gestational age F Bagnoli et al et al. 24 confirmed low F concentrations at baseline and after ACTH stimulation in hypotensive subjects, suggesting decreased adrenal function. It is also well known that preterm hypoglycemia is correlated with poor glycogen reserves and low plasma levels of F. 25 Watterberg et al. 26 showed that among the extremely low BW babies undergoing the ACTH (1 mg kg À 1 ) stimulation test, those who subsequently developed bronchopulmonary dysplasia showed lower concentrations of F. As previously stated, it follows that optimal production of F by the fetal adrenal gland only occurs in later stages of gestation. However, Murphy 27 found significantly higher levels of F in blood drawn from the umbilical artery than the umbilical vein of fetuses between 10 and 18 weeks, showing that F is produced actively at an early GA.
A large majority of the authors who have assessed F levels in the first days of life have found a negative correlation with GA. 28, 29 This hypersecretion may be related to a more difficult neonatal adaptation and to the numerous invasive procedures and stress to which extremely low BW and very low BW preterm babies are subjected, as a result of various sequelae. Therefore, it is evident that very preterm babies actively respond to stress, but it is unclear how their response compares with that of babies born at term.
We suggest that the ACTH and F levels of this study, compared in preterm and full-term infants in relation to stressful stimuli, both physiological and pathological, provide significant new insights. Unlike most studies in the literature, ours examined a highly selected population: indeed, only appropriate for GA infants were included and babies with IUGR were excluded because they are known to have altered F secretion, 30 whereas for babies born by ECS, we excluded those born when labor had already started and those with 1-min Apgar scoreso7. For those born by ECS, we excluded cases in which labor lasted 412 to 13 h or with even minor cardiotocographic alterations. All newborns had 1-min Apgar scoresX8 (excluding the extremely low BW). In contrast, those born by EMCS with fetal distress had abnormal cardiotocographic pictures and 1-min Apgar scores p5. Irrespective of the presence or absence of fetal distress, all newborns with chorioamnionitis were excluded.
By eliminating most confounding factors, we obtained results that should reflect true pituitary-adrenal activity at various GAs.
The premature baby of any GA responds to physiological stress (represented by childbirth) and pathological stress (represented by fetal distress) similarly to the term newborn. However, the response to the above factors is significantly lower in premature babies and much lower than the lowest is the GA. In relation to such data, we believe this represents the best proof that the premature is not able to secrete extremely high amounts of ACTH and F as in some extremely stressful cases he may need to. Moreover, we think that one of the most interesting finding of our study is that we obtained a series of 'unstimulated' F values (not resulted from stimulation tests with ACTH and/or corticotropin releasing hormone) in basal conditions (such as those obtained in born by ECS) as well as in physiologic stressing situations (group of born by VD), and we could demonstrate that the general response is similar in both groups (ECS and VD) at different GAs, even if the percentage of hormonal increment in response to stress is lower in preterm than in term newborns. Particularly, although the percentage of ACTH increment is comparable, that one of F is slightly lower, thus suggesting that adrenal maturity is reached later than the pituitary; however, we have to say that the absolute values found in preterm babies do not ever reach those of the term newborns. As to the VD group, we consider VD as a condition in which several stressors can have a role: the length of labor, the use of drugs, psychological agitation, the mechanical stimulus, transient hypoxia. All these factors can determine a higher secretion of F, thus VD does not reflect the fetal hormonal milieu. The ECS group, instead, especially if labor is not already started and without any signs of stress detected by cardiotocographic changes and alterations in placental flow, it represents the best mirror of the fetal basal metabolism. One could assume that anesthesia performed in cesarean section might in some measure depress the secretion of ACTH and F, but this hypothesis is excluded because the interval between administration of anesthetic and extraction of the fetus should not be 43 min, moreover considering the half-life of F, which is of 66 min at normal hormone levels. 31 This thesis is confirmed by the fact that, in the case of spinal anesthesia in which the delivery is carried out in a spontaneous manner, the levels of F are similar to those of bornby VD without anesthesia. 7 Our data also suggest that an ACTH stimulation test are unnecessary to demonstrate the existence of differences between preterm and term newborns in relation to responses to stress and we have already mentioned that in literature there is not agreement as to the effective dose to be administered in order to reach a physiological response. Moreover, the gradual increase in stress from VD to EMCS demonstrates a further response related to stress degree, thus suggesting that if a higher dose of ACTH is administered, one should expect a higher F response that can be confounding in such groups. That is why we consider that a physiological stress is more sensitive than the ACTH test to demonstrate the functionality of the pituitaryadrenal axis. Considering our whole study population, we found a statistically significant correlation between ACTH and GA but not between F and GA, possibly due to the influence of confounding factors, such as the fetal-neonatal hypoxia and perinatal stress in infants born by EMCS and VD, respectively. However, by separating out the populations of ECS and VD born, thus avoiding the effects of preand perinatal events, we find that ACTH and F both correlate with GA, confirming the maturation of hypophysis and adrenal gland over time. Actually, in those born by ECS, who may be regarded as experiencing an optimal intrauterine environment because of absence of labor and acute fetal distress, we demonstrated a positive correlation not only between plasma concentrations of ACTH and GA, but also between those of F and GA, as well as a correlation between ACTH and F.
This demonstrates that the pituitary-adrenal axis is completely mature only at the end of gestation; indeed, the secretion of F and ACTH increased in a progressive linear way from the lowest GAs up to the end of gestation. The greatest increase was noted after week 32. In fact, in infants born between 34 and 37 weeks, F levels almost doubled, whereas ACTH increased fivefold with respect to the lowest GA considered. In this period (weeks 34 to 37), basal F levels were slightly lower than those reported in term newborns, but not significantly, so that by then, F production is probably sufficient to support neonatal adaptation and respond to various stressful events.
Very low BW infants born by VD responded to the stress of labor with an increase in F levels, as found in full-term infants, but to a lesser extent. Thus, preterm babies exposed to the same stresses as babies born at term, do not achieve the plasma concentrations of F and ACTH secreted by those born at term, confirming immaturity of the hypothalamic-pituitary axis.
Our study demonstrates higher secretion of F plasma levels in preterm infants born by EMCS than in those of equal GA born by VD, suggesting that the preterm newborns are able to respond to a physiological stress, such as labor, differently than a pathological stress like fetal-neonatal hypoxia. However, the responsiveness of preterm babies to different stressful stimulations is similar to the terms': also our previous studies 12 indicated significantly higher plasma concentrations of F and ACTH in EMCS than in babies born by VD. This certainly may be related to more stressful transition, to chorioamnionitis, maternal pathologies and maternal gestosis.
To the best of our knowledge, no other study has ever evaluated both secretion of ACTH from the lowest viable GA to term, and serum concentrations of ACTH and F, comparing them with different degrees of physiological stress. In conclusion, our data demonstrate that the pituitary-adrenal axis only reaches its final maturation stage at the end of the gestational period. Both F and ACTH secretion progressively raise from the lower GA to the higher, with an acceleration after 32 weeks. These data suggest that extremely preterm infants may have inadequate response to critical illness.
